Introduction
============

Myelodysplastic syndromes (MDS) are age-related bone marrow malignancies characterized by dysplastic and ineffective production of myeloid cells and risk of developing acute myeloid leukemia (AML). Clinically, a great majority of patients with MDS have anemia caused by ineffective production of erythroid cells at different stages of erythropoiesis. The pathogenesis of ineffective erythropoiesis in MDS is unclear, which can be attributed to the heterogeneous nature of many genetic and molecular abnormalities involved in the development of MDS as well as microenvironmental factors. One of the most common cytogenetic defects in MDS is the heterozygous interstitial deletion of chromosome 5q (del(5q)). There are two common deleted regions (CDRs) identified on 5q: a distal locus that is often deleted in 5q- syndrome with good prognosis and a proximal locus deleted in patients with higher risk of MDS.^[@bib1],\ [@bib2]^ Refractory anemia is a characteristic feature of del(5q) MDS.^[@bib3]^ Recent studies have shown that haploinsufficiency of *Rps14* on the distal locus of the CDRs blocks erythroid differentiation through upregulation of p53 and its downstream genes *S100a8* and *S100a9.*^[@bib4]^ Whether deficiencies of other genes on chromosome 5q, and the ageing bone marrow microenvironment, are involved in ineffective erythropoiesis is unknown.

Growing evidence reveals that deregulation of innate immune responses is also involved in the pathogenesis of del(5q) MDS.^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ Concurrent loss of miR-145 and miR-146a, which are located at the distal region of 5q, leads to the dysplastic phenotype in megakaryocytes by the upregulation of their downstream target tumor necrosis factor receptor-associated factor-6 (TRAF6).^[@bib11]^ Subsequent studies using miR-146a knockout mice show that miR-146a serves as a brake on inflammation and regulates myeloproliferation and oncogenic transformation.^[@bib12]^ Our previous work shows that mDia1, whose encoding gene is flanked by the two CDRs on 5q, is significantly decreased in del(5q) MDS CD34^+^ cells. mDia1 heterozygous and knockout mice developed age-related neutropenia and myeloid dysplasia mimicking human MDS.^[@bib5]^ Mechanistically, CD14 is aberrantly overexpressed on granulocytes, leading to a hypersensitive innate immune response to lipopolysaccharide (LPS) stimuli. A more recent study illustrates that loss of another 5q gene, *Tifab*, alters hematopoiesis through derepression of Toll-like receptor-TRAF6 pathway, leading to ineffective hematopoiesis and cytopenia.^[@bib7]^ In these studies, leukopenia, including neutropenia, is commonly observed, which demonstrates that deregulation of the innate immune signaling is involved in myeloid dysplasia. However, anemia is mild or not observed in these models, indicating that either loss of these genes are not essential for the development of ineffective erythropoiesis, or combined deficiencies, as those in del(5q) MDS, are required for the clinical manifestation of anemia.

In this study, we generate a mouse model with concurrent deletion of mDia1 and miR-146a, both are encoded by genes on chromosome 5q and involved in the repression of TLR-TRAF6 pathway. Mice with mDia1/miR-146a double knockout develop age-related anemia and ineffective erythropoiesis. Our study illustrates the importance of the age-related inflammatory bone marrow microenvironment in the pathogenesis of ineffective erythropoiesis and anemia in del(5q) MDS.

Materials and methods
=====================

Experimental methods are in the supplementary materials.

Results
=======

Dual deficiency of mDia1 and miR-146a causes age-related anemia in mice.
------------------------------------------------------------------------

To characterize the extent of pathologically activated innate immune responses on the development of anemia in del(5q) MDS, we crossed the mDia1 knockout mice with miR-146a knockout mice and generated mDia1/miR-146a double knockout (hereafter DKO) mice. We monitored the complete blood counts in these mice over 1 year. mDia1 KO mice showed no anemia and miR-146a KO mice had mild anemia compared to the DWT control mice. In comparison, the DKO mice developed significant age-related anemia starting at 7 months, which became worse with age ([Figure 1a](#fig1){ref-type="fig"}). The DKO mice also displayed thrombocytopenia compared to single KO and DWT control mice. Both DKO and mDia1 single KO mice developed neutropenia ([Figure 1a](#fig1){ref-type="fig"}), which is consistent with previous findings.^[@bib5]^ Morphologic examination of the peripheral blood in the aged DKO mice showed severe anemia with anisopoikilocytosis including hypochromatic cells, Howell-Jolly bodies, and increased reticulocyte count ([Supplementary Figures 1a and b](#sup1){ref-type="supplementary-material"}).

We next examined the bone marrow of the 1-year old mice to determine the cause of anemia. Gross observation showed pale bone and bone marrow cell aspirate from DKO mice and to a lesser extent from miR-146a knockout mice ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}). We reasoned that the pale appearance of the DKO bone marrow was due to the decreased erythroid population. Accordingly, total bone marrow cells and Ter119 (a maturing erythroid marker) positive erythroid cells were significantly decreased in DKO mice compared to wild type and single KO littermate controls, confirming our hypothesis ([Figures 1b and c](#fig1){ref-type="fig"}). The DKO mice also exhibited increased lethality around 1-year old, likely due to a life-threatening anemia ([Figure 1d](#fig1){ref-type="fig"}).

To further dissect the aberrancies in erythroid cell differentiation, we next performed a flow cytometric analysis using CD44 and forward scatter to divide the erythroid cells into different developmental stages.^[@bib13]^ The percentage of nucleated erythroblasts in the aged (\>1-year old) DKO bone marrow was significantly decreased compared to littermate controls ([Figure 1e](#fig1){ref-type="fig"} and [Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}). miR-146a KO mice also showed slightly decreased percentage of nucleated erythroblasts ([Figure 1e](#fig1){ref-type="fig"} and [Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}). When the absolute number of erythroblasts was calculated from leg bones, aged miR-146a knockout mice showed a significant decrease, and erythroblasts from aged DKO mice further decreased compared to miR-146a knockout mice ([Figure 1f](#fig1){ref-type="fig"}).

Unlike patients with MDS, mice with anemia often show compensatory erythropoiesis evidenced by splenomegaly.^[@bib14]^ As expected, the old DKO mouse showed a dramatically increased spleen size compared to wild type or single knockout littermate controls ([Supplementary Figures 2a and b](#sup1){ref-type="supplementary-material"}). The percentage of splenic Ter119-positive erythroid cells increased by 20−30% in DKO mice due to stress erythropoiesis.^[@bib15],\ [@bib16],\ [@bib17]^ The percentages of lymphocytes were significantly reduced ([Supplementary Figure 2c](#sup1){ref-type="supplementary-material"}). We next examined different stages of terminal erythropoiesis in the spleen. Unlike the bone marrow, terminal erythropoiesis in the spleen did not show defects in various stages of differentiation ([Supplementary Figure 2d](#sup1){ref-type="supplementary-material"}), These data suggest that ineffective erythropoiesis in the bone marrow is compensated by splenic stress erythropoiesis, likely protecting the DKO mice from early death induced by severe anemia. We further demonstrated that the compensatory splenic stress erythropoiesis is similarly age-related ([Supplementary Figures 2e--h](#sup1){ref-type="supplementary-material"}).

Age-related bone marrow microenvironment contributes to the development of anemia.
----------------------------------------------------------------------------------

Both mDia1 and miR-146a knockout mice show age-related increased secretion of proinflammatory cytokines, mostly TNF-α and IL-6.^[@bib5],\ [@bib11],\ [@bib12]^ To determine whether the defects of erythroid population are erythroid cell intrinsic or due to the inflammatory microenvironment, we performed two groups of transplantation experiments. In these experiments, bone marrow mononuclear cells from aged (\>1-year old) DKO mice or age-matched DWT littermate controls were transplanted into either young (2-month old) or aged (\>1-year old) recipient mice ([Figure 2](#fig2){ref-type="fig"}). Like the non-transplanted aged DKO mice, these transplanted mice exhibited neutropenia early post-transplantation due to the cell-intrinsic effect of mDia1 deficiency, as well as worsening thrombocytopenia ([Figure 2b](#fig2){ref-type="fig"}). The young recipient mice showed no significant differences in red cell indices between DKO and DWT transplanted mice until 6-month post-transplantation when RBC count, hemoglobin, and hematocrit began declining ([Figure 2c](#fig2){ref-type="fig"}). The age when anemia manifested in these transplanted mice was similar to that of the regular DKO mice ([Figure 1a](#fig1){ref-type="fig"}), implicating an age-related microenvironment in the development of anemia.

Old (\>1−year of age) recipient mice transplanted with old DWT or DKO bone marrow cells showed initial anemia due to their age. Those transplanted with DWT bone marrow cells gradually recovered from transplantation stress. However, the old recipient mice transplanted with old DKO bone marrow cells exhibited persistent anemia starting from one month post-transplantation ([Figure 2d](#fig2){ref-type="fig"}). The old recipient mice transplanted with old DKO bone marrow cells also exhibited rapid lethality compared to the old DWT bone marrow transplanted controls ([Figure 2](#fig2){ref-type="fig"}). When we analyzed the bone marrow of the old recipient mice from both groups of the transplantation experiments, we found ineffective erythropoiesis at different stages of red cell development similar to the non-transplanted old DKO mice ([Figure 2f](#fig2){ref-type="fig"}). Furthermore, when we transplanted young DKO bone marrow cells into old recipient mice (\>1-year of age), the recipient mice failed to recover from anemia compared to DWT transplanted ones ([Figure 2g](#fig2){ref-type="fig"}). Taken together, these results indicate that the age-related bone marrow microenvironment plays an important role in the development of ineffective erythropoiesis and anemia.

Proinflammatory cytokines are over-produced in the bone marrow myeloid-derived suppressor cells in aged mDia1/miR-146a double knockout mice.
--------------------------------------------------------------------------------------------------------------------------------------------

With the dramatic decrease of the erythroid population in the bone marrow of the aged DKO mice, the relative percentage of Gr1 and Mac1 double-positive myeloid cells was significantly increased ([Figure 3a and b](#fig3){ref-type="fig"}). The absolute number of myeloid cells was decreased in the bone marrow of DKO mice, albeit to a lesser extent than the decrease observed in the erythroid population ([Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}). Consistent with the flow cytometric results, morphologic examination of the bone marrow from the old DKO mice showed marked erythroid hypoplasia with most of the cells in the myeloid lineage ([Figure 3](#fig3){ref-type="fig"}). Many of these myeloid cells were immature appearing with large cell size measured by forward scatter by flow cytometry ([Figure 3d and e](#fig3){ref-type="fig"}). However, the DKO mice did not develop acute leukemia demonstrated by their decreased numbers of lineage negative cells as well as stem and progenitor cells ([Supplementary Figures 3b--f](#sup1){ref-type="supplementary-material"}). Megakaryocytes were markedly decreased in the bone marrow with compensatory increased in the spleen in DKO mice ([Supplementary Figures 3g,h](#sup1){ref-type="supplementary-material"}), consistent with thrombocytopenia in these mice.

A previous report demonstrated that myeloid-derived suppressor cells (MDSCs), which are characteristically Gr1 and Mac1 double-positive, immature appearing, and immunosuppressive, are enriched in the bone marrow in MDS patients.^[@bib18]^ Indeed, the immature-appearing myeloid cells in the old DKO mice fulfill these criteria and blocked T cell activation when co-cultured with CD4 positive T cells *in vitro* (data not shown). Consistently, MDSCs, including the monocytic-MDSCs that were reported to have stronger suppressive functions,^[@bib19]^ were significantly increased in the peripheral blood of DKO mice. Consequently, the lymphoid population was significantly decreased ([Supplementary Figure 3i](#sup1){ref-type="supplementary-material"}).

The ageing bone marrow microenvironment is composed of increasing amounts of damage-associated molecular patterns (DAMPs), which are potent inducers of proinflammatory cytokines production, especially in cells with sensitized innate immune signaling.^[@bib8],\ [@bib9],\ [@bib20]^ To analyze whether treatment of DAMPs could induce the overproduction of proinflammatory cytokines in the MDSCs in the DKO mice *in vitro*, we purified Gr1 and Mac1 double-positive cells from the bone marrow of young DKO mice and their littermate controls. These cells were treated with DAMPs prepared through repetitive freeze and thaw cycles of wild-type bone marrow cells.^[@bib20],\ [@bib21]^ Indeed, treatment with DAMPs induced overproduction of TNF-α and IL-6 in the bone marrow-derived myeloid cells from each group of mice, with levels much higher in the MDSCs from DKO cells ([Figure 3f](#fig3){ref-type="fig"}). Particularly, IL-6 presented the most profound (up to 200-fold change) upregulations, suggesting a more crucial role of IL-6 in the pathogenesis in DKO mice.

We next analyzed the serum levels of inflammatory cytokines using a mouse cytokine/chemokine panel. As expected, the serum levels of IL-6 and TNFα were significantly increased in old DKO mice compared to age-matched DWT and single knockout controls ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}), which was further confirmed by conventional ELISA assay ([Figure 3g](#fig3){ref-type="fig"}). The level of IL-10, which is highly expressed by MDSCs,^[@bib22]^ was also significantly upregulated in DKO mice ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}), consisting with the increased MDSCs in DKO mice. These results collectively indicate that bone marrow microenvironment-mediated ineffective erythropoiesis in DKO mice could be related to the over-secretion of proinflammatory cytokines.

TNFα and IL-6 negatively affect erythropoiesis through different mechanisms.
----------------------------------------------------------------------------

Proinflammatory cytokines are known to be involved in anemia of chronic diseases (ACD) through upregulation of liver hepcidin, which limits the availability of iron to the developing erythroblasts.^[@bib23],\ [@bib24],\ [@bib25]^ However, the increased cytokine levels did not induce hepcidin upregulation in hepatocytes from aged DKO mice compared to the control mice ([Figure 4a](#fig4){ref-type="fig"}), indicating that ineffective erythropoiesis in aged DKO mice was likely hepcidin-independent. Next, we investigated whether the proinflammatory cytokines TNFα and IL-6 directly affect erythropoiesis *in vitro*. We first purified the lineage negative bone marrow cells from old (\> 1 year of age) DWT and DKO mice and cultured them in erythropoietin-containing medium for three days. No statistically significant differences were observed in their differentiation, as quantified by CD71 and Ter119 double-positive cells ([Figure 4b](#fig4){ref-type="fig"}). Similar findings were obtained from bone marrow lineage negative cells of young and old DKO mice, mDia1 or miR-146a single knockout mice, and various other bone marrow progenitor cells cultured *in vitro* (data not shown and [Supplementary Figures 5a,b](#sup1){ref-type="supplementary-material"}), which further supports that ineffective erythropoiesis is erythroid cell non-autonomous. Therefore, we used DWT bone marrow cells to determine how proinflammatory cytokines affect various stages of erythropoiesis. Previous studies have shown inhibitory effects of proinflammatory cytokines in erythropoiesis.^[@bib20]^ However, the mechanisms of cytokine-mediated inhibition of erythropoiesis, the stages at which the inhibitory effects are conferred, and whether there are any differences between TNFα and IL-6 in inducing ineffective erythropoiesis, are unknown.

To answer these questions, we purified bone marrow cells from young DWT bone marrow and cultured the cells in methocellulose with erythropoietin and increasing amounts of TNFα and IL-6. Both TNFα and IL-6 induced a dose-dependent decrease in Colony-Forming Unit- Erythroid (CFU-E) colony formation (Figure 4c), demonstrating that increasing levels of both cytokines affect the early stage of erythropoiesis. After the CFU-E stage, the erythroid cells undergo terminal erythropoiesis that can be monitored by flow cytometry. We next determined the differentiation of DWT bone marrow lineage negative cells cultured with erythropoietin and increasing amount of TNFα and IL-6. These cytokines slightly inhibited cell differentiation on days 2 and 3, as measured by Ter119-positive cells. However, both TNFa and IL-6 induced increased Ter119-positive cells on day 1 ([Supplementary Figure 5c](#sup1){ref-type="supplementary-material"}), possibly contributing to the depletion of erythroid progenitor cells.

We next found that IL-6 induced a dose-dependent increase in annexin V positive apoptotic cells at different stages of terminal erythropoiesis. TNFα-mediated apoptosis (annexin V positive) was only observed on day 3 ([Figure 4d](#fig4){ref-type="fig"}). TNFα also induced mild necrosis (annexin V negative and PI positive) on day 2 and 3 whereas IL-6-treated cells showed no increased necrosis compared to the vehicle controls ([Supplementary Figure 5d](#sup1){ref-type="supplementary-material"}). Pathologic levels of both IL-6 and TNFα induced downregulation of GATA1 ([Supplementary Figures 5e and f](#sup1){ref-type="supplementary-material"}), a critical transcription factor in erythropoiesis.^[@bib26]^ TNFα caused the most significant downregulation of GATA1 from the mRNA level ([Supplementary Figure 5g](#sup1){ref-type="supplementary-material"}), which further reduced the expression of the downstream targets of GATA1, including hemoglobin and Fog-1 (data not shown).

Reactive oxygen species (ROS) induced by proinflammatory cytokines are known to promote apoptosis.^[@bib27]^ Our previous report demonstrated that ROS presents at the highest level in the early stages of terminal erythropoiesis, which corresponds to day 1 of the erythroid differentiation culture system.^[@bib28]^ ROS levels gradually decreased on day 2 and 3 in untreated cells (Figure 4e). Administration of IL-6 led to a dose-dependent increase of ROS beyond the physiologic level, which was most prominent on day 1. In contrast, TNFα-treated cells did not show increased ROS levels (Figure 4e). Consistent with the role of ROS in the activation of caspase-3, IL-6-treated cells exhibited a dose-dependent increase of active caspase-3, correlating with their apoptotic cell death. No increased activation of caspase-3 was observed in TNFα-treated cells (Figure 4f). Cell cycle analysis showed that the percentage of S and G2/M phases were slightly increased with the treatment of IL-6 and TNFα on day 1 ([Supplementary Figure 5h](#sup1){ref-type="supplementary-material"}), which could contribute to the increased percentage of Ter119^+^ cells ([Supplementary Figure 5c](#sup1){ref-type="supplementary-material"}).

To further confirm the role of IL-6-induced ROS in the activation of caspase-3, we treated the IL-6 (100 ng/ml) challenged bone marrow lineage negative progenitor cells with increasing amount of ROS scavenger, *N*-acetyl-cysteine (NAC). Indeed, NAC dose-dependently rescued the increased ROS formation and activation of caspase-3 when the lineage negative cells underwent differentiation to erythroid cells ([Figure 4g](#fig4){ref-type="fig"}). Taken together, these results demonstrate that TNFα and IL-6 negatively affect erythropoiesis through different mechanisms. Both cytokines compromise CFU-E colony formation at higher levels. In addition, IL-6 also induces ROS-mediated activation of caspase-3 and apoptosis, which is not observed with TNFα.

We next determine whether ROS and apoptosis were increased *in vivo* in erythroid cells from DKO mice. Like the *in vitro* cytokine-treated erythroid cells, ROS levels were markedly elevated beyond the physiologic level at different stages of terminal erythropoiesis in DKO mice compared to DWT controls ([Figure 4h](#fig4){ref-type="fig"}). Annexin V positive apoptotic cells were also significantly increased in the Ter119-positive erythroid cells from DKO mice compared to DWT or single knockouts ([Supplementary Figures 5i and j](#sup1){ref-type="supplementary-material"}). As expected, different stages of terminal erythroblasts showed increased apoptotic cells, as measured by activation of caspase-3 ([Figure 4i](#fig4){ref-type="fig"}).

Treatment of all-trans retinoic acid rescues anemia and ineffective erythropoiesis through amelioration of MDSC-induced bone marrow inflammatory microenvironment in DKO mice
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Having demonstrated that the Gr1/Mac1 double-positive MDSCs secreted a large amount of TNFα and IL-6, we ask whether reducing the amount of immature MDSCs through the promotion of their differentiation would rescue anemia and ineffective erythropoiesis. To this end, we treated the old (\>1 year of age) DKO mice with all-trans retinoic acid (ATRA), which induces the differentiation of immature myeloid cells,^[@bib29],\ [@bib30]^ for three consecutive doses. Complete blood count was performed after the treatment, which showed significant rescue of anemia ([Figure 5a](#fig5){ref-type="fig"}). ATRA also significantly reverted the ineffective erythropoiesis in the bone marrow demonstrated by the recovered Ter119-positive cells in percentage and total number ([Figures 5b and c](#fig5){ref-type="fig"}).

We further analyzed the ATRA-treated DKO mice and found that serum TNFα and IL-6 was significantly decreased ([Figure 5d](#fig5){ref-type="fig"}). The mRNA levels of TNFα and IL-6 were also markedly decreased almost to the control level in the DKO Gr1^+^/Mac1^+^ MDSCs treated with ATRA after DAMP stimulation *in vitro* ([Figure 5e](#fig5){ref-type="fig"}). Consistent with the decreased proinflammatory cytokines, the apoptotic erythroid cells were also dramatically reduced in ATRA-treated DKO mice ([Figure 5f](#fig5){ref-type="fig"}). Indeed, ATRA not only rescued ineffective erythropoiesis in DKO mice, it also reverted the T cell inhibitory effects by MDSCs ([Figure 5g](#fig5){ref-type="fig"}). Bone marrow analysis showed that the mean size of MDSCs, including both granulocytic and monocytic-MDSCs, were reduced. The percentage of more suppressive monocytic-MDSCs was also reduced, which is accompanied by the increased percentage of granulocytic MDSCs ([Figure 5h](#fig5){ref-type="fig"}). In addition, we found that when we treated the DKO mice with ATRA beginning at 5-month old when they still did not show obvious MDS phenotypes, these mice remained free of anemia around 7-month old. In contrast, the control DKO group already showed obvious decreases of hemoglobin and hematocrit ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). These data indicate that ATRA also plays a preventive effect in the development of anemia in DKO mice.

*In vitro* IL-6-treated bone marrow erythroblasts share common gene expression profiles as the erythroblasts from DKO mice
--------------------------------------------------------------------------------------------------------------------------

To further elucidate the inhibitory effects of proinflammatory cytokine in the ineffective erythropoiesis in DKO mice, we performed microarray analyses of IL-6-challenged erythroblasts cultured *in vitro* as well as primary bone marrow erythroblasts at different developmental stages sorted from DWT and DKO mice. Compared to the controls, IL-6-treated erythroblasts on day 1 revealed fewer up- or downregulated genes. However, IL-6-treated erythroblasts on day 2 showed more robust changes in gene expression up to 577 significant transcripts ([Figure 6a](#fig6){ref-type="fig"}). In the erythroblasts from DKO bone marrow, 409, 518, and 474 genes were found to be changed significantly in stages I, II+III, and IV, respectively (I=pro-erythroblasts, II+III=Basophilic and polychromatic erythroblasts, IV=Orthochromatic erythroblasts). *DIAPH1* (encoding mDia1) and *CD14* were down and upregulated respectively at all stages, which confirms the reliability of our microarray platforms ([Figure 6b](#fig6){ref-type="fig"}).

The commonly upregulated genes shared among IL-6 treated and DKO erythroblast groups were identified and illustrated with a Venn diagram ([Figure 6c](#fig6){ref-type="fig"}). These genes were applied to a clustering analysis ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Consistent with the induction of apoptosis in IL-6 treated and DKO erythroblasts, genes involved in the apoptotic pathway were commonly upregulated. We also found that the S100 proteins, including S100a4, S100a6 and S100a8, were also significantly increased (pointed out in [Figure 6a and b](#fig6){ref-type="fig"}).

To comprehensively analyze the signaling pathways involved in the upregulated genes, we performed a functional PANTHER Pathway analysis.^[@bib31]^ All five groups shared the same inflammation pathway mediated by chemokine and cytokine as the top-signaling pathway. Genes involved in oxidative stress response and apoptosis signaling pathway were also commonly upregulated ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}), which is consistent with the apoptotic cell death in these cells. We next perform a common pathway analysis using a Venn diagram between Day2 and other three DKO groups. Thirty pathways, including the apoptosis signaling pathway, were found to be commonly upregulated among IL-6-treated erythroblasts *in vitro* and DKO erythroblasts *in vivo* ([Figure 6d](#fig6){ref-type="fig"}). When these 30 pathways were further aligned by percentage of gene hits and number of hit genes, the inflammation pathway mediated by chemokine and cytokine was the most common pathway ([Figure 6e](#fig6){ref-type="fig"}), which further confirms that the ineffective erythropoiesis in DKO mice is directly related to the IL-6-enriched inflammatory bone marrow environment.

Discussion
==========

In this study, we reveal the significant roles of age-related inflammation in bone marrow microenvironment and its cooperative interaction with chromosome 5q deleted genes in the pathogenesis of ineffective erythropoiesis in MDS. Aged bone marrow accumulates DAMPs and PAMPs, which direct activation and expansion of MDSCs, especially those primed by deletion of mDia1 and miR-146a, for excess IL-6 and TNFa elaboration. These proinflammatory cytokines accumulate to a pathologic level and trigger the over-production of reactive oxygen species that initiate caspase-mediated erythroid cell death, or GATA1 degradation leading to the inhibition of terminal erythropoiesis. The apoptotic erythroid cells further produce DAMPs, including S100 proteins, which creates a positive-feedback loop to enhance the inflammatory bone marrow microenvironment-mediated ineffective erythropoiesis ([Figure 6f](#fig6){ref-type="fig"}).

Deletions of 5q genes in del(5q) MDS are almost uniformly hemizygous. Although other genetic abnormalities in the retained 5q alleles have not been detected so far, recent studies indicate that many genes on the retained 5q alleles are epigenetically silenced.^[@bib32],\ [@bib33]^ In fact, epigenetic dysregulation is commonly seen in MDS leading to the loss of function of many tumor suppressor proteins.^[@bib34]^ Therefore, we employed the mDia1 and miR-146a double knockout mouse model instead of the double heterozygous mice in this study. This approach also allows us to compare the current data with previous reports using miR-146 knockout mice to study myeloid neoplasms.^[@bib35],\ [@bib36],\ [@bib37]^

The Gr1 and Mac1 double-positive myeloid cells in old DKO mice fulfill the criteria of MDSCs with their immature morphology and T cell suppressive activity. In our model, these MDSCs also potently suppress erythropoiesis. Therefore, the erythroid suppressive function represents a key pathologic feature of MDSCs as previously reported.^[@bib10],\ [@bib18],\ [@bib22]^ By targeting MDSCs through all-trans retinoic acid (ATRA), we found improved erythropoiesis in DKO mice. Mechanically, ATRA attenuated the cytokine upregulation both *in vivo* and *in vitro*, through the promotion of cell differentiation evidenced by the reduced cell size of MDSCs post-ATRA treatment and the percentage of monocytic-MDSCs. In fact, several clinical trials using ATRA to treat MDS have been reported.^[@bib38],\ [@bib39],\ [@bib40]^ One report showed ATRA combined with erythropoietin was effective for the treatment of anemia in low risk MDS patients having failed erythropoietin alone.^[@bib38]^ Our study provides mechanistic insights showing that ATRA ameliorates anemia in MDS through reduction of MDSC-induced inflammatory bone marrow microenvironment.

TNFα and IL-6 are known to inhibit erythropoiesis.^[@bib41]^ However, the detailed mechanisms of how different cytokines are involved in ineffective erythropoiesis are unclear. One of the most commonly involved pathways in inflammation-related anemia is cytokine-mediated hepcidin upregulation in the liver, which negatively affects the availability of iron to the developing erythroblasts.^[@bib25],\ [@bib42]^ However, hepcidin is not increased in our DKO mouse model. Instead, our study revealed direct but distinct roles of TNFα and IL-6 in the pathogenesis of ineffective erythropoiesis. Both cytokines blocked erythroid colony formation. After the CFU-E stage, IL-6 induced potent upregulation of reactive oxygen species and caspase-mediated cell death whereas TNFα mainly affects GATA1 protein levels. These results are also consistent with reported clinical observations that IL-6 and activated caspase-1 and caspase-3 are upregulated in MDS patients with refractory anemia.^[@bib9],\ [@bib10]^

IL-6 is upregulated in miR-146a knockout mice through increased TRAF6, a well-known target of miR-146a.^[@bib35]^ Our previous study shows that IL-6 and TNFα are also prone to be upregulated in mDia1 deficient mice when the mice are subject to innate immune stimulation, related to increased expression of CD14 on granulocytes.^[@bib5]^ Here we show that the combined deficiency of miR-146a and mDia1 leads to a profoundly increased elaboration of these cytokines, especially IL-6. This increase is most prominent in aged mice, which is consistent with the age-related changes in the bone marrow microenvironment. The level of IL-6 correlates with the level of ineffective erythropoiesis. In miR-146a/mDia1 double knockout mice, IL-6 is nearly four-fold higher than miR-146a knockout mice and 20−30-fold higher than the wild type or mDia1 knockout mice. Correspondingly, bone marrow erythroid cells are significantly reduced in miR-146a knockout mice and almost completely absent in miR-146a/mDia1 double knockout mice. These results are consistent with a more severe effect of IL-6 in erythropoiesis. Overall, our study highlights the significance of the bone marrow inflammatory microenvironment in the pathogenesis of ineffective erythropoiesis and anemia in del(5q) MDS.
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![mDia1/miR-146a double knockout mice develop age-related anemia and ineffective erythropoiesis. (**a**) Complete blood count of different time points of mDia1/miR-146a double wild type (DWT), mDia1 or miR-146a single knockout (KO), and double knockout (DKO) mice. DWT, *n*=6; miR-146a KO, *n*=6; mDia1 KO, *n*=5; DKO, *n*=7. (**b**, **c**) Flow cytometric analysis of bone marrow cells from indicated mice at 1 year old. Total bone marrow cells (**b**) and absolute Ter119^+^ erythroid cells (**c**) from femur and tibia were presented. DWT, *n*=6; miR-146a KO, *n*=4; mDia1 KO, *n*=5; DKO, *n*=5. (**d**) Kaplan--Meier survival analysis of the indicated mice. DWT, *n*=14; miR-146a KO, *n*=8; mDia1 KO, *n*=6; DKO, *n*=11. Both males and females were included. (**e**, **f**) The Ter119^+^ erythroid cells in c were analyzed by CD44 levels and forward scatter to define various developmental stages of erythroblasts (Pro-: proerythroblasts, Baso-: basophilic erythroblasts, Poly-: polychromatic erythroblasts, Ortho-: orthochromatic erythroblasts, reticulocytes (Retic-) and mature red blood cells (RBC)). Quantification of the percentages and absolute cell numbers of erythroblasts at each stage of differentiation were presented in e and f, respectively. DWT, *n*=6; miR-146a KO, *n*=4; mDia1 KO, *n*=5; DKO, *n*=5.](leu2017326f1){#fig1}

![The aging bone marrow microenvironment plays an important role in the development of anemia and ineffective erythropoiesis. (**a**) Schematic overview of the bone marrow transplantation experiments. (**b**, **c**) Post-transplant complete blood counts at the indicated time of recipient mice (2-month old when transplanted) transplanted with bone marrow cells from old DWT, mDia1 KO, miR-146a KO, or DKO mice (\> 1-year-old). *N*=5 in each group. (**d**) Post-transplant red cell indices at the indicated time of recipient mice (\> 1-year-old when transplanted) transplanted with bone marrow cells from old DWT or DKO mice (\>1-year-old). *N*=10 in each group. (**e**) Kaplan--Meier survival analysis of the recipient mice in (**d**). *N*=18 in DWT; *N*=16 in DKO. (**f**) The bone marrow Ter119^+^ erythroid cells from both sets of transplantation experiments were analyzed by CD44 levels and forward scatter to define various developmental stages of erythroblasts as in [Figure 1f](#fig1){ref-type="fig"}. *N*=3 in each group. (**g**) Post-transplant red cell indices at the indicated time of the recipient mice (\> 1-year-old when transplanted) transplanted with bone marrow cells from young DWT or DKO mice (2-month-old). *N*=9 in DWT; *N*=7 in DKO.](leu2017326f2){#fig2}

![Proinflammatory cytokines are over-produced by myeloid-derived suppressive cells in aged mDia1/miR-146a double knockout mice. (**a**, **b**) Flow cytometric analysis of Mac1 and Gr1 positive cells in the bone marrow from indicated mice at 1 year old. The percentages of Gr1/Mac1 double-positive cells from femur and tibia were presented in **b**. DWT, *n*=6; miR-146a KO, *n*=4; mDia1 KO, *n*=5; DKO, *n*=5. (**c**) H&E stains of bone marrow sections of indicated mice. Arrows indicate erythroblasts. Scale bar: 50 μm. (**d**) Bone marrow smear prepared from the indicated mice and stained with Wright-Giemsa. Black arrows indicate immature-appearing myelocytes. Scale bar: 30 μm. (**e**) Statistical analysis of the size of immature-appearing MDSCs measured by flow cytometry forward scatter of Gr1/Mac1 double-positive cells from indicated mice. Data were presented as min- to max-box and whisker plots. (**f**) Gr1/Mac1 double-positive granulocytes from the indicated mice were purified and challenged with damage-associated molecular pattern proteins (DAMPs) (1:20 for 2 h). The relative mRNA levels of TNFα and IL-6 were determinate by real-time PCR analysis. (**g**) Serum IL-6 and TNFα from indicated mice (\> 1-year-old) were assayed by ELISA. DWT, *n*=6; miR-146a KO, *n*=4; mDia1 KO, *n*=5; DKO, *n*=6.](leu2017326f3){#fig3}

![IL-6 and TNFα induce ineffective erythropoiesis *in vitro* through distinct mechanisms. (**a**) Quantification of hepcidin mRNA levels in hepatocytes by real-time PCR. *N*=5 in each group. (**b**) Bone marrow lineage negative cells (Lin^−^) from indicated mice were cultured in erythroid differentiation medium containing 2 U/ml erythropoietin. Cell differentiation was analyzed by flow cytometric analysis comparing the expression of transferrin receptor CD71 and Ter119. (**c**) CFU-E colony formation assay of bone marrow cells cultured in methylcellulose medium with 3 U/ml erythropoietin and increasing amounts of TNFα and IL-6. (**d**) Lin^-^ cells from wild-type mice were purified and cultured in erythroid differentiation medium in the presence of increasing amounts of IL-6 and TNFα (50,100, and 200 ng/ml) for 3 days. The annexin V positive cells in the Ter119^+^ erythroid cells were quantified. (**e**, **f**) The ROS and active caspase-3 levels were assayed by flow cytometry in Ter119-positive cells from (**d**), and were shown in **e** and **f**, respectively. (**g**) Lin^-^ cells were pre-treated with 100 ng/ml IL-6 in EPO medium for 24 h. 1-20 μM NAC were then added directly into the medium and the cells were cultured for another 24 h. The ROS levels and active caspase-3 in the cells were assayed by flow cytometric analysis. Relative levels of ROS and active caspase-3 levels were presented. All the data are shown as mean±s.e.m. and representative data from 3 independent experiments. NS: not significant. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. (**h**) Mean fluorescence intensity (MFI) of ROS positive cells were analyzed at different populations of the erythroblasts and ungated bone marrow erythroid populations in old mDia1/miR-146a DWT or DKO mice (\>1-year-old). DWT, *n*=8; DKO, *n*=5. (**i**) Mean percentages of apoptotic cells in different populations and ungated bone marrow erythroblasts from indicated mice (\> 1-year-old). DWT, *n*=7; DKO, *n*=4.](leu2017326f4){#fig4}

![Amelioration of anemia in DKO mice by targeting MDSCs with AT-RA treatment. (**a**) DWT or DKO mice were intraperitoneally injected with 400 μg ATRA dissolved in 100 μl DMSO, or equal volume of vehicle control every two days for three doses. 48 h after the last injection, red blood cell counts and hemoglobin levels were assayed. (**b**, **c**). The percentages of erythroid cells at different stages were examined by flow cytometry in Ter119-positive cells from the bone marrow and spleen from mice in **a**. The absolute erythroblasts cell number was calculated in **c**. (**d**) Serum TNFa and IL-6 cytokine levels were determined in mice with or without ATRA treatment. (**e**) Gr1 and Mac1 double-positive MDSCs were purified from the indicated mice and challenged with 1:20 DAMPs for 2 h *in vitro*. The mRNA levels of TNFa and IL-6 were assayed by real-time PCR using 18 s rRNA as an internal control. (**f**) The apoptotic erythroblasts in the bone marrow and spleen from the indicated mice were analyzed by Annexin V and PI staining followed by flow cytometric analysis. (**g**) Gr1 and Mac1 double-positive MDSCs were purified and co-cultured with cell proliferation dye labeled-splenic T cells at 1:1 ratio, the mean fluorescence intensity (MFI) were determined by flow cytometric assay after 48 h stimulation by anti-CD3/CD28 coated Dynabeads. The proliferation rate was calculated as percentage decrease of MFI relative to cells without stimulation. (**h**) Granulocytic (CD11b^+^Ly6G^+^Ly6C^low^) and monocytic (CD11b^+^Ly6G^-^Ly6^high^) MDSCs from the bone marrow and peripheral blood of mice in **a** were assayed by flow cytometry. *N*=3−5 mice in each group. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](leu2017326f5){#fig5}

![*In vitro* IL-6-treated bone marrow erythroblasts share the same gene expression profiles as the erythroblasts from DKO mice. (**a**, **b**) Volcano plot of microarray data, as generated by clustering based on the genes that were significantly enriched (red dots) or depleted (green dots) (fold change \>2; ANOVA *P*\<0.05) in IL-6-treated (**a**) or DKO erythroblasts (**b**) over their controls. Representative up or downregulated genes are pointed out. I represents proerythroblasts, II+III represent basophilic and polychromatic erythroblasts, IV represents orthochromatic erythroblasts. (**c**) Venn diagram defining significantly upregulated genes in *in vitro* IL-6-treated erythroblasts and erythroblasts from different developmental stages in DKO mice and compared with their corresponding controls. The numbers of overlapped genes are also shown. (**d**) Venn diagram showing the overlapping signaling pathways generated by PANTHER pathway analysis among the indicated groups (**d**). 30 signaling pathway were enriched both in Day 2 IL-6-treated erythroblasts and DKO erythroblasts. (**e**) The percentage of gene hits against total numbers of Pathway hits and gene numbers in specific pathway are illustrated by color scales. (**f**) Model of the age-related bone marrow microenvironment in the pathogenesis of ineffective erythropoiesis in del(5q) MDS.](leu2017326f6){#fig6}
